Up to 50% of the actin in erythrocyte membranes can be solubilized at low ionic strength in a form capable of inhibiting DNAse I, in the presence of 0·4 mM ATP and 0·05 mM calcium. In the absence of calcium and A TP, actin is released but is apparently rapidly denatured. Solubilization of G-actin increases with temperature up to 37°C. At higher temperatures, actin is released rapidly but quickly loses its ability to inhibit DNAse 1.
Introduction
first noticed that the peripheral proteins of the erythrocyte membrane (chiefly spectrin and actin) could be solubilized under low ionic strength conditions. The extracted proteins were shown to be a heterogeneous mixture. Ralston (1975) used agarose gel filtration to separate the extracted components. Actin was shown to elute in two forms from the agarose column: as a high molecular weight complex with spectrin and component 4· 1, and as a nonpolymerizable, presumably denatured form which eluted towards the end of the profile (Ralston 1978) .
Muscle G-actin has been shown to interact with deoxyribonuclease I (DNAse I) to form a 1 : 1 complex with consequent inhibition of the enzyme activity (Lazarides and Weber 1974) . This interaction has provided the basis for the development of a sensitive and specific assay for G-actin (Blikstad et al. 1978) . * Nakashima and Beutler (1979) found that monomeric erythrocyte actin was also able to inhibit DNAse I, whilst Pinder and Gratzer (1982) reported that short actin proto filaments in the erythrocyte cytoskeleton bound DNAse I but did not inhibit its ability to degrade DNA.
In the present study we have found that if moderate concentrations of calcium and ATP are included in a low ionic strength extraction buffer, then up to 50% of the total erythrocyte actin can be converted to native monomers. A rapid assessment of the release of native G-actin during the low ionic strength disruption was derived from the measured ability of the extracted material to inhibit the enzymic activity of DNAse I. We have examined the effects of temperature and the concentrations of A TP and calcium on the rates and extents of release of native actin during incubation at low ionic strength.
Materials and Methods

Materials
Fresh, packed human red cells were obtained from the Red Cross Transfusion Service, Sydney. ATP (disodium salt) and Trizma base were obtained from Sigma. DNAse I (Sigma type D-0751) and DNA (calf thymus, obtained from Sigma) were used without further purification.
Preparation of Erythrocyte Membranes
Erythrocyte ghosts were prepared as described previously (Tilley and Ralston 1984) , and were washed once with a very low ionic strength Tris.HCI buffer as described in the Results section. Packed ghosts were diluted to a total protein concentration of about 0·6 mg/ml prior to incubation.
DNAse I Assays
DNAse I assays were performed, with minor modifications, according to the procedure of Blikstad et al. (1978) . Samples of membrane suspensions (20 ,..1) were removed at intervals from a low ionic strength incubation mixture and were mixed in a I-ml cuvette with 10 ,..1 (I ,..g) of DNAse I. DNA solution (1 ml of 0·04 mg/ml at 25°C) was added immediately and the hyperchromicity was followed at 260 nm. Muscle G-actin samples (containing 0-1 ,..g) were used to construct a standard curve for the assay. Muscle actin concentrations were determined spectrophotometrically using the value E(l mg/ml) at 290 nm = 0·63 cm-1 • mi. mg-1 (Lehrer and Kerwar 1972) .
Analysis of Protein Extracts
The oligomeric state of the extracted actin was assessed by means of gel filtration on Sephadex G I 00 (3' 5 by 50 cm) in a buffer comprising 2 mM Tris.HCI, pH 7· 8, 0·2 mM ATP, 0·2 mM CaCI2, 0·5 mM mercaptoethanol and O' 3 mM sodium azide. Fractions from the elution profile were examined by means of electrophoresis on polyacrylamide gels containing 0·2% (w/v) sodium dodecyl sulfate (SDS) (Fairbanks et al. 1971) .
The protein concentrations of membrane samples were determined using the Lowry assay (Lowry et al. 1951 ) and using either bovine serum albumin or muscle actin as the standard. The total amount of actin in a given membrane preparation was calculated assuming that actin represents 4· 5% of the total membrane protein (Fairbanks et al. 1971; Steck 1974) . The validity of this assumption was checked by subjecting membrane samples and standard muscle actin samples to identical electrophoretic conditions, and comparing the stained zones directly with the aid of a Transidyne scanning densitometer.
Spectrin dimer was isolated and purified as described previously (Ralston 1975) . Spectrin concentrations were determined using the value E(I mg/ml) at 280 nm of 1·07 cm -1 • ml . mg -1 (Kam et al. 1977) .
Results
The release of native G-actin monomers capable of inhibiting DNAse I was maximized when both ATP and calcium were present in the buffer. Fig. 1 shows the release of native G-actin from erythrocyte membranes incubated at 37°C in the presence or absence of ATP and calcium. The packed erythrocyte ghosts were washed once and were subsequently diluted with a buffer containing either: (a) 0·2 mM Tris.HCI (pH 8'0), 0·1 mM dithiothreitol, 0·03 mM sodium azide, or (b) the same plus 0·2 mM ATP, or (c) the same plus 0·2 mM ATP and O' 05 mM CaCI2• The pH of the suspension decreased to 7· 0 during a 2-h incubation period.
Under optimal conditions, the release of native, monomeric G-actin increased rapidly eluring the first 30 min, reaching a maximum after about 40 min. Further incubation was then associated with a gradual loss of native actin. It should be noted that the DNAse I assay distinguishes between native and denatured G-actin.
The amount of native, monomeric G-actin released during a 40-min incubation period at 37°C depended on the concentration of calcium and ATP. As shown in Table 1 , maximal release was achieved at 0·05 mM calcium and O' 4 mM A TP. -------.
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Fig. 1. Disruption of erythrocyte membranes as monitored by the DNAse I inhibition assay. Erythrocyte ghosts were incubated with 0·2 mM Tris.HCl, pH 8·0, 0·01 mM dithiothreitol and 0·03 mM sodium azide ('f'), or the above buffer plus 0·2 mM ATP (_) or the above buffer plus 0·2 mM ATP and 0·05 mM calcium chloride (e). Inhibition of DNAse I by native, monomeric actin was measured spectrophotometrically (Blikstad et at. 1978) . 0  0·31  25·6  0·05  0·50  47·3  0·10  0·48  48·8  0·20  0·33  38·2  0·40  0·23  32·4   In presence of ATP  0  0·14  18·7  0·1  0·31  31·0  0·2  0·49  47·7  0·4  0·55  52·1  0·8 0·54 51·1
The total solubilization of peripheral proteins (estimated by protein analysis of the supernatant fractions) was also influenced by the buffer components, with ATP enhancing and calcium inhibiting protein solubilization. This effect, however, was small, and does not account for the altered release of native G-actin. Under the conditions for optimal extraction of native actin, greater than 90% of the actin and spectrin were solubilized from the membrane. Addition of 1 mM EDT A to an incubation mixture containing calcium and ATP brought about a rapid and almost complete decrease in the active G-actin concentration within 10 min. The presence of EDT A throughout the incubation prevented the release of G-actin capable of inhibiting DNAse I, although peripheral proteins, including actin, were solubilized. Time courses for the release of native actin monomers at different temperatures are shown in Fig. 2 . Maximal release was achieved at 37°C. Even after 20-h incubation at O°C, the level of native G-actin in the sample did not reach the maximal level of the 37°C sample. At 45°C, the level of native G-actin increased rapidly during the first 5 min and then declined.
Gel filtration of the extracted proteins on Sephadex G 100, and analysis of the eluted fractions by means of electrophoresis in acrylamide gels containing SDS revealed that approximately 25 % of the extracted actin remained associated with spectrin in high molecular weight complexes. These complexes resisted dissociation by further incubation at 37°C in very low ionic strength solutions, and by 3 M urea. They were, however, dissociated by 10 M urea and by 1 % (w/v) solutions of SDS.
The amount of G-actin that could be solubilized from membranes in a form capable of inhibiting DNAse I was to some extent dependent on the conditions of storage of the membranes prior to extraction. Table 2 shows the effect of storing membranes on ice prior to extraction. Two storage buffers were examined, one with an ionic strength much greater than the other. Neither storage buffer contained A TP or calcium. An incubation in 0·2 mM Tris.HCI at 37°C for 30 min in the presence of O' 4 mM A TP and 0·05 mM calcium was subsequently performed immediately prior to the DNAse 1 assay. The amount of native actin monomers that could be solubilized from stored membranes decreased with time of storage. After 4 h in the very low ionic strength buffer (I = O' 23 mM) only 25 % of the total membrane-associated actin could be extracted in native form. By 20 h, this proportion was reduced to about 10%. The 5 mM phosphate buffer (I = 15 mM) appeared to offer some protection against actin denaturation. Even after 4 days storage in this buffer, 31 % of the total erythrocyte actin could still be extracted in its native state. Table 2 . Effect of storage on the extraction of native G-actin from erythrocyte membranes Freshly prepared ghosts were compared with ghosts that had been stored for the indicated time in either 5 mM sodium phosphate, pH 8· 0, containing 0·03 mM sodium azide (I = 15 mM) or a buffer comprised of 0·2 mM Tris.HCI, pH 8'0, 0·1 mM dithiothreitol and 0·03 mM sodium azide (I = 0·23 mM). The erythrocyte ghosts were subsequently diluted with 0·2 mM Tris.HCI, pH 8'0, 0·2 mM ATP, 0·05 mM CaCI2, 0·1 mM dithiothreitol and 0·03 mM sodium azide and were incubated for 30 min at 37°C prior to the DNAse I assay The inclusion of A TP and calcium in the storage buffers increased the amount of native actin that could be recovered after 4 days storage (data not shown).
For the purposes of quantitating the released actin, we estimated the total amount of actin in membrane preparations by direct comparison with muscle actin standards. Membrane polypeptides were separated by electrophoresis on acrylamide gels in the presence of SDS and were stained with coomassie blue. The area under the actin peak of the densitometer trace was compared with a series of muscle G-actin samples that had been SUbjected to electrophoresis under identical conditions. A linear uptake of stain by muscle G-actin was observed at moderate protein concentrations. Haemoglobin-free membranes were estimated to contain 4· 5 ± O' 5 mg of actin per 100 mg of total protein, in good agreement with other reports (Fairbanks et al. 1971; Steck 1974) .
We have found in the present study that, after electrophoresis on SDSpolyacrylamide gels, spectrin and actin bind equal amounts of coomassie blue on a gram per gram basis. Pinder and Gratzer (1983) suggested that the uptake of this stain by spectrin was 1· 8 times greater than by actin. However, from an analysis of coomassie blue stained gels, they reported a molar spectrin dimer : actin ratio in haemoglobin-free ghosts of 1 : 2. In the present study, we observed the same ratio of spectrin dimer: actin (i.e. 1 : 2).
In slightly acidic solutions, coomassie blue is electrostatically attracted to the cationic amino groups on proteins, and the interaction is reinforced by van der Waals' forces (De St Groth et al. 1963) . The stability of the protein-dye complexes is sensitive to pH. It is therefore possible that different staining conditions were used by Pinder and Gratzer (1983) , under which, dye uptake by the two proteins was different.
Discussion
Although the erythrocyte cytoskeleton is well known to be solubilized under low ionic strength conditions, in the present study we have followed the time course for the release of native, monomeric actin by measuring the formation of a 1 : 1 complex between actin in the extracted material and the enzyme DNAse I.
In the absence of ATP and calcium, very little native G-actin was released. The actin solubilized under these conditions was presumably denatured. Inclusion of moderate concentrations of ATP and calcium allowed the conversion of up to 50% of the total membrane actin to native monomers. Under optimal conditions, the level of native G-actin increased during the first 30-40 min and then slowly declined.
Monomeric muscle actin has been shown to require both ATP and divalent cations to maintain its structural integrity (Barany et at. 1966) . F-actin protomers are, on the other hand, much more stable toward nucleotide and divalent cation depletion (Barany et at. 1966) . Spectrin and band 4·1 form a ternary complex with F-actin (Ungewickell et at. 1979) , thereby stabilizing the polymeric form of actin with respect to the monomeric form, which is incapable of binding to spectrin.
Higher concentrations of calcium inhibited release of native actin monomers, presumably by stabilizing the F-actin protofilaments, and possibly by stabilizing spectrin-actin and spectrin-actin-band 4·1 interactions. Concentrations of ATP up to O· 8 mM seem to enhance release of native actin monomers. This is presumably due in part to the stabilization of the solubilized monomers and in part to a direct solubilizing effect of ATP on peripheral proteins by means of a polyanion effect (Sheetz and Casaly 1980) . ATP is unstable under the conditions of our experiments (Bielschowsky 1950 ) and depletion of this nucleotide or the consequent decrease in pH may be responsible for the slow denaturation of actin at longer incubation times.
When membranes were stored on ice for hours or even days in a buffer with an ionic strength of 15 mM, the structural integrity of the actin component was to a large extent preserved; the spectrin-actin-band 4· 1 complexes with the erythrocyte cytoskeletal network appear to remain relatively intact under these conditions. The binding strength for the ternary interaction between spectrin, actin and band 4·1 has been shown to decrease at reduced ionic strength (Ohanian et at. 1984) .
Not surprisingly, then, in the very low ionic strength 'storage buffer', the spectrin-actin-band 4· 1 complexes dissociated and the actin protomers rapidly lost their native conformation.
The maximum amount of native actin solubilized in our experiments was approx. 50% of the total actin. However, this figure represents a balance between the dissociation of actin from the membrane, and its slow, subsequent inactivation. An estimate of the amount of native actin extractable in the absence of the inactivation processes may be obtained by extrapolating the upper curve of Fig. 1 back to zero time. This indicates that between 60 and 70% of the total actin in the membrane may be extractable in native, monomeric form. Approximately 25% of the total actin appears to be sequestered in the high molecular weight complexes of spectrin, actin and band 4· 1 protein. A similar proportion of actin was reported by Pinder and Gratzer (1983) to resist dissociation from intact red cell membranes by means of 1 ·5 M guanidine hydrochloride, a treatment that readily dissociates uncomplexed F-actin. Perhaps the highly cooperative nature of some of these complexes prevents their facile dissociation. It is possible that some actin remains in oligomeric states, stabilized by actin-binding proteins such as protein 4· 1. However, the amounts of such complexes were insufficient for detection in our experiments.
Disruption of membranes at low ionic strength obviously provides a potentially useful means of extracting erythrocyte actin ih a polymerization-component state. A procedure for isolating the actin from the crude extraction mixture has been described elsewhere (Tilley and Ralston 1984) .
In conclusion, the DNAse I assay provides not only a simple and time-resolved monitor of cytoskeleton disruption, but also one capable of determining whether the solubilized actin has retained native structure and functional integrity. Such a monitor of functional integrity is essential in experiments aimed at reconstitution of disrupted subcellular structures. The widespread involvement of actin in subcellular structures implies that the assay may have applicability beyond its use in the present study with the erythrocyte cytoskeleton.
